Spore coat of BaciZZus subtilis A~CC6051 was fractionated as described by Kondo & Foster (1967). X-ray diffraction, infrared spectra, amino acid analyses and N-terminal amino acid studies showed that most of the fractions resembled each other in physical and chemical structure and constituents. Electron micrographs of sections and shadowed replicas of the coat fractions at various stages showed that the inner part of the coat disappeared during treatment; no drastic morphological change was observed throughout the fractionation.
INTRODUCTION
Studies of the physical, chemical and morphological structure of the spore coat will be useful for understanding mechanisms of the spore's resistance and dormancy. Chemically, the spore coat is composed mainly of polypeptides or proteins (Strange & Dark, 1956; Salton & Marshall, 1959; Warth, Ohye & Murrell, 1963; Murrell, 1967) . Morphologically, coats are considered to be of at least two layers (Warth et al. 1963; Murrell, 1967; Gould & Hurst, 1969) . Because of the morphological complexity, attempts were made to separate individual layers of the spore coats, obtaining fractions on which chemical and morphological investigations were reported (Kondo & Foster, I 967) .
Publications have hitherto assumed that all spore coats have common physical and chemical properties. The morphological structure of the spore coat, however, differs greatly in different species (Holt & Leadbetter, 1969) ~ bringing in question the generality of the properties of spore coats. Close investigations of the chemical and physical characteristics in each bacterial species, and comparison of the results, are necessary to solve this problem. This paper describes results obtained with a single strain, Bacillus subtilis A T C C~O~I .
METHODS
Bacteriological. Bacilhs subtiZis ATCC 6051 was used throughout this study. The bacteria were grown at 37 "C in 20 1 lots of medium in 25 1 Marubishi MRT-2 fermenters with silicone antifoam. The nutrient broth medium used was prepared as follows : 300 g of sliced potatoll 1 of medium was boiled and filtered with cotton gauze to prepare potato stock, to which 5 g of beef extract (Kyokuto Pharmaceutical Inc., Tokyo, Japan) and 5 g of polypeptone (Daigo Chemical Inc., Osake, Japan) were added; the final pH was adjusted to 7.0. After 7 to 10 days of incubation with vigorous aeration, spores with a few vegetative cells were collected by centrifugation and washed with deionized water. After removal of vegetative cells by the 2-phase Y system of Sacks & Alderton (1961), the spores were washed ten times with deionized water, lyophilized, and stored in a desiccator. Preparation of spore coats. Spore coats were obtained by mechanical rupture of the spores with glass beads of 0 . 1 1 to O-IZ mm diameter in a Braun cell disintegrator, chilled by the flow of carbon dioxide gas. After 10 to 15 min of shaking, no intact spore was microscopically visible. The beads were removed by decanting and gentle centrifugation (slower than 500 rev./min). The supernatant coat fragments were washed by centrifugation at 13000g five times in saline (0.15 M) and five times in distilled and deionized water. Further washing was performed by successive treatment of the coat fragments with acetone, ethanol, chroloform +diethy1 ether (2 1 I , v/v)? hot water, and I % (w/v) sodium dodecyl sulphate (SDS) at room temperature for 30min at pH 9.0. Finally the coat fragments were dialysed against distilled and deionized water, lyophilized and stored in a desiccator.
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Fractionation of spore coats. The spore coats were fractionated by the method of Kondo & Foster (I 967) modified to filter the ' paracrystal fraction ' through a Millipore membrane filter (Millipore Inc., Bedford, Massachusetts, U.S.A.) of 0.3 ,urn pore size. The sequence of treatments and the resulting fractions are shown in Fig. I . Chemical. Amino acid compositions were determined using a JLC3BC liquid chromato-graph apparatus (JEOL, Akishima, Tokyo, Japan), after acid hydrolysis with constant boiling point HC1 (b.p. I 10 "C; about 6 N) in a sealed tube at I 10 "C for 20 h. %Terminal amino acids were identified by dinitrophenylation with fluorodinitrobenzene. After the acid hydrolysis, dinitrophenyl amino acids (DNP-amino acids) were separated by two dimensional thin-layer chromatography (t.1.c.) on Kieselgel GFS4 (Merck Ag., Darmstadt, Germany), using toluene + pyridine + ethylenechlorohydrin + 0.8 N-ammonia (100 : 30 : 60 : 60, v/v) for the first development and chloroform + methanol +glacial acetic acid (95 : 5 : I, v/v) for the second.
Contents of C, H, N, P and S in the samples were determined by elemental analysis at the Centre of Elemental Analysis of Kyoto University.
X-ray dzflraction. Debye-Scherrer powder diffractiometries were carried out by the use of a Norelco X-ray diffraction apparatus with nickel-filtered Cu-Ka radiation.
Infrured absorption spectra. Coat fractions in KBr pellets were measured in Perkin-Elmer model 521 spectrophotometer.
Electron microscopy. Photographs were taken in a JEMqA electron microscope (JEOL, Akishima, Tokyo, Japan). Coat fractions were fixed with osmium tetroxide or glutaraldehyde, embedded in epoxy resin, and sectioned. The specimens were so well contrasted that no more staining procedure was needed. Coat fractions were also shadowed with platinum + paladium (80: 20, w/w) after coating with carbon.
RESULTS
Decrease in weight of the coat fractions. Starting with IOO mg, the purified spore coat was treated successively with: I % (wlv) SDS at 50 "C for 2 h; lysozyme, 8 mg in 30 ml 0.1 Msodium phosphate buffer, pH 7.0, for 24 h at 37 "C; 0.06 N-NaOH for 3 h at 50 "C; sonication in water for 6 min at power setting 8 with a type 4250 sonicator (Kaijo Electric Inc., Tokyo, Japan); and finally pronase (Kaken Chemical Inc., Tokyo), 10 mg in 40 ml 0.1 Mtris buffer, pH 8.0, for 24 h at 50 "C. The insoluble part of the residue at each step was centriFuged at 130008, and washed with distilled and deionized water. After lyophilization, the weight of the residue was measured. The results, shown in Table I , demonstrate that the treatment with lysozyme did not give a decrease in weight of the coat fraction, presumably because the material digestible by lysozyme was removed by hot SDS treatment. In other lreatments, the weight loss of the coat fractions did not exceed 15 % of the original weight.
No treatment dissolved the coat substantially.
X-ray dzflraction of the coat fractions. The results of the X-ray diffraction of the coat fracions are shown in Fig. 2 , where all the patterns except fraction 5 are quite similar to those of xevious studies (Kadota & Iijima, 1965; Kadota, Iijima & Uchida, 1965). Solubilized ?actions 3 and 6, and residue fractions 2, 4, 7 and 8 exhibited very similar patterns. They lad two sharp peaks, which often overlapped each other, at about 20 = 8.8" (1.01 nm) md 9.4" (0.94 nm), and a broad peak at about 20" (0.4 nm).
Although X-ray diffraction patterns of the coats and coat fractions obtained so far were 00 noisy for them to be assigned to any known material, they were useful for demonstrating he difference in structure. Fig. 2 indicates that most of the fractions were of a structure iimilar to that of the coat; only fraction 5 was different and this fraction had the same microcopic appearance as the 'paracrystal solid' shown in Fig. I to 4 of the article of Kondo & Foster (1967) . Examination of the fractions in an electron microscope showed that fraction 5 uas burned down by the electron beam, whereas other fractions preserved their shapes and ippearances. 7 Mean values of four runs.
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infrared spectra of coat fractions. As expected from the complicated chemical compositions of the coat and coat fractions (Warth et al. 1963 ; Kondo & Foster, 1967), the infrared (i.r.) spectra did not show a simple pattern but contained many peaks difficult to assign (Fig. 3) . However, absorptions common to the coat fractions at amide I (at about 1650 cm-l, C = 0 stretching) and amide I1 (at about 1530 cm-I, NH deformation) which are key bands for polypeptides or amino acids (Elliot, 1954 "800 lo00 1200 1400 1600 1800 2000 24M)280032003600 4OOO 800 1000 1200 14M 1600 18oO2OOO 2400 28OO32oO3600 4O00
Wave number (cm-l) assignable), 3060 cm-l (amide B, NH stretching), and overlapped peaks near 2920 cm-l and 2950 cm-l were also found. The presence of peaks of amide I, amide 11, amide A and amide B strongly suggests that the coat fractions, except fraction 5, contained peptides, although it is not clear whether the absorption was due to proteins or side chains of amino sugars. As in the X-ray diffraction studies, fraction 5 exhibited quite different patterns from the other fractions. Apparently it did not contain peaks from peptide, amide I and 11. These results indicate that fraction 5 was different from the others in structure and chemical composition. On the basis of these data, no further results on fraction 5 are described.
N-terminal amino acids. Ether soluble N-terminal DNP-amino acids detected by two dimensional t.1.c. are given in Table 2 . Ten N-terminal DNP-amino acids were identified in every fraction. An attempt to compare the yields of the DNP-amino acids was not successful, since the molar ratios of the amino acids in each fraction were different on separate runs. Apparently, lysine, alanine, glycine and serine must have been among the N-terminal amino acids of the coat fraction materials, for they were always found in all the fractions.
The presence of so many kinds of N-terminal amino acids indicates the complicated nature of the structure and composition of the coat. The results indicate that the spore coat contained several kinds of different peptides or proteins or both.
Amino acid composition of the fractions. As shown in Table 3 there was no significant difference in the amino acid composition of the fractions, and they resembled each other, suggesting that the coat fractions contained similar protein(s) or peptide(s). The last line of the Table represents the estimated amino acid content, by weight, of the samples. Estimations of the amino acid contents of the samples, shown in the last line of Table 3 , were made on the assumption that the amino acids composed a single peptide chain. As, also, the apparent weights of the hygroscopic coat fractions were overestimated due to the considerable amount of water adsorbed, these values express a minimum estimate of the contents.
The contents of (half) cystine as well as methionine were not high. Traces of methionine sulphoxide and/or hydroxyproline and some unidentifiable peaks were present. Vinter (1959; 1960; 1961) showed that the spores of some Bacillus species (Bacillus megaterium, B. cereus, B. agrestis, B. mycoides and B. vulgatus) are rich in cystine plus cysteine and suggested these amino acids were localized in the coats. The maximum sulphur content The sulphur contents of the fractions were not so accurate. The presence of phosphorus increases the apparent content of sulphur, so true contents of sulphur may be lower than the values shown in Table 4 . Making the assumption described above, cystine plus methionine contents were 3-6 % in fraction I, 3.1 % in fraction 3, 2.8 % in fraction 6 and 2.6 % in fraction 8.
Electron microscopy of the coat fractions. Photographs of the sectioned and shadowed replica of an intact spore (Fig. 4 to 6 ) exhibited several morphological features of the spore coat. As is seen in Fig. 4 the coat was clearly distinguishable from the cortex. The coat consisted of three parts: (i) the inner part commonly designated as 'inner coat' (Murrel, 1967; Gould & Hurst, 1969) , (ii) the outer part designated 'outer coat' and (iii) a region located outside the outer coat and currently called ' surface layer' (Fig. 4, 5) . When stained deeply with osmium tetroxide (0~03, the inner coat exhibited a laminar structure, but it seemed structureless when treated moderately with OsO, or glutaraldehyde (Fig. 5) . The outer coat seemed electron opaque when stained deeply with OsO, (Fig. 4) , probably because of overstaining, but it could also appear laminated (Fig. 5,7) . There was no morphological difference between inner and outer coat. The chemical &hies of both coats to OsO, and glutaraldehyde were not the same; the surface layer seemed less stainable than the outer coat. It is not clear at present whether the 'surface layer' was a part of the spore coat or an
The parallel straight streaks on the surface of the spore and spore coat are seen in Fig. 6 , 9, 10. This appearance may correspond to the fibres which appear to exist on the surface of the 'exosporium' of the freeze-etched preparation of Bacillus subtilis w23sF (Holt & Leadbetter, 1969) or to what is called 'decoration' in the field of surface physics, which reflects the properties of underlying layers (outer coats). This appearance was preserved through all treatments. The sections of the fractions also do not differ much in appearance, but a part of the inner coats may have been removed by pronase treatment (see Fig. 8 ).
Attempts to solubifize the coat. Coats were treated at room temperature and at 70 "C with I M-KOH, 5 M-KOH, absolute ethanol, absolute acetone, formic acid (99 to 1 0 0 %~ w/w), dichloroacetic acid (DCA, more than 90 %, w/w), dioxane, chloroform, acetic acid (99 to IOO %, w/w), LiBr (60 %, w/w), 4 M-guanidine HCl, and 8 M-guanidine HCL. Among the above treatments, the coats were dissolved only in DCA at both room temperature and 70 "C. The coats were not dissolved in reagents which caused phase darkening (Gould& Hitchins, 1963) in accord with their observation that the spore left the coat material. Dithiothreitol and 2-mercaptoethanol, disulphide-bond-breaking reagents, did not dissolve the coat.
A solution of cleaned spore coat (100 mg) in DCA (40 ml, at 70 "C) gave a tan colour. After centrifugation at 13000g for 30 min, the sediment was resuspended in DCA (15 ml, at 70 "C). Solubilization and centrifugation were repeated until the supernatant fluid was colourless. The f i a l residue weighed 6 mg, i.e. 94 % of the coat was dissolved in DCA.
Since some of the insoluble matter might have been lost in the supernatant, the true solubility of the coats could be several percent lower than this value. The material soluble in DCA could not be transferred into any other solvent tried so far because of precipitate forming, and further investigation of the chemical and physical properties of the material was not undertaken.
Comparison of keratins with spore coat. To compare the spore coat with keratins from hair, wool and human finger nail, keratins were treated with DCA and DCA plus peracetic acid. They were not soluble in pure DCA. They were solubilized in DCA plus peracetic acid within 24 h (human nail) or in a few days (human hair and wool). This result suggests that for the solubilization of keratins, unlike the spore coat, the rupture of the disulphide bond is indispensable (Crewther, Fraser, Lennox & Lindley, 1965 
DISCUSSION
The freeze-etching study of Holt & Leadbetter (1969) showed that there was a tissue which was different from outer coat and located outside the spore coat; the authors called this tissue exosporium. The surface layer observed in this work might correspond to the exosporium of the freeze-etching micrographs. However, the present results suggest that the coat fractions except fraction 8 still retain most of the surface layer in spite of rather harder treatment. Since the exosporium seems to be removed more easily than spore coat in the case of Bacilhs cereus (Gerhardt & Ribi, 1964 )~ the tissue discussed here would be more similar to coat than exosporium.
The results of X-ray diffraction, i.r. spectra, amino acid analyses, N-terminal amino acids and elemental analyses suggested that the fractions except fraction 5 are very similar in chemical constitution and in structure. Electron microscopic observations of the fraction showed that no treatment caused material alteration of the morphological structure of the spore coat and it seems that the coat material was gradually removed from inner to outer as the treatments proceeded. Similar observations were made on Bacillus megaterium Q M B I~~ I by Kawasaki, Nishihara & Kondo (1969) . From these observations, it is suggested that the coat of B. subtilis is chemically and structurally similar in all parts. This interpretation, however, might be contradictory to the observation that the inner coat, outer coat and surface layer are stained differently with OsO, (see Fig. 4 ). One explanation is that, even though components of the coat have the same chemical and molecular structure, they would not be the same at a higher level (for example molecular packing) and, therefore, they were stained differently.
Cystine was not plentiful in any of the fractions throughout the present work. The cystine plus methionine contents estimated from S contents were not very high. If we take into account of the presence of histidine, lysine etc., which have more than two nitrogen atoms in a molecule, the increase in the corrected values of the cystine plus methionine contents does not exceed about one and half times the values shown in the results of elemental analyses. These values are lower than the least cystine content in keratins (Crewther et al. 1965)~ despite the content of S being over-estimated in the present elemental analyses. Most of the values for cystine (or cystine plus methionine) content reported so far by other authors using various methods have been similar. Present solubilization experiments also suggest that the chemical nature of the spore coat differs somewhat from that of keratins. These observations do not seem to be in favour of the view that coat consists of keratin-like proteins.
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